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Purpose: To investigate white matter alterations in post-stroke cognitive impairment (PSCI) patients at the subacute stage employing
diffusion kurtosis and tensor imaging.

Methods: Thirty PSCI patients at the subacute phase and 30 healthy controls (HC) underwent diffusion kurtosis imaging (DKI) scans
and neuropsychological assessments. Based on the tract-based spatial statistics and atlas-based ROI analysis, fractional anisotropy
(FA), mean diffusivity (MD), mean kurtosis (MK), kurtosis fractional anisotropy (KFA), axial kurtosis (AK), and radial kurtosis (RK)
were compared in specific white matter fiber bundles between the groups (with family-wise error correction). Adjusting for age and
gender, a partial correlation was conducted between neurocognitive assessments and DKI metrics in the PSCI group.

Results: In comparison with the HC, PSCI patients significantly showed decreased MK, RK, and FA and increased MD values in the
genu of corpus callosum, anterior limb internal capsule, and left superior corona radiata. In addition, DKI detected more white matter
region changes in MK (31/48), KFA (40/48), and RK (25/48) than DTI with FA (28/48) and MD (21/48), which primarily consisted of
the right cingulum, right superior longitudinal fasciculus, and left posterior limb of internal capsule. In the left anterior limb of internal
capsule, MK and RK values were significantly negatively correlated with TMT-B (r = —0.435 and —0.414, P < 0.05), and KFA values
(r =-0.385, P < 0.05) of corpus callosum negatively associated with TMT-B.

Conclusion: Combing DTI, DKI, and neuropsychological tests, we found extensive damaged white matter microstructure and poor
execution performance in subacute PSCI patients. DKI could detect more subtle white matter changes than DTI metrics. Our findings
provide added information for exploring the mechanisms of PSCI and conducting cognitive rehabilitation in the subacute stage.
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Introduction

Cognitive impairment is a common complication of stroke. Although a frequent consequence, it is often not paid much
attention as motor and sensory deficit.' The prevalence of post-stroke cognitive impairment (PSCI) ranges from 20% to
80%.> About 37% of patients with lacunar stroke suffer complications of mild cognitive impairment or dementia.’
According to a previous study, the prevalence of post-stroke dementia within one month of suffering a stroke was 20.4%,
and the frequency of dementia-related lacunar infarction was seven times higher than that in intracerebral hemorrhage.
There, early assessment of cognitive impairment in patients with ischemic stroke is of great significance in the clinical
setting. Subacute ischemic infarction generally occurs within one month of a stroke event.>® Clinical observation during

the subacute phase of ischemic stroke can predict the likelihood of cognitive recovery six months post-stroke.” Therefore,
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this phase may provide an early opportunity for the appraisal of cognitive status and brain structural changes after
ischemic stroke.

To date, the mechanism underlying cognitive decline in patients with subacute ischemic stroke remains poorly
understood. Remarkably, neuroimaging techniques have contributed to the study of disease characteristics in patients
with PSCI. The conventional magnetic resonance imaging (MRI) technique is valuable for evaluating the extent and
location of ischemic stroke. However, it cannot provide information about the microstructural integrity of white matter,
especially in normal-appearing white matter as shown by the fluid-attenuated inversion recovery (FLAIR) sequence.
Diffusion tensor imaging (DTI), as a non-invasive MRI technique, has been widely used to detect white matter
microstructural integrity that are not distinguished on conventional MRI. Water diffusion, which is sensitive to tissue
microstructure, provides a method for investigating neural fiber integrity. Anisotropic water diffusion in white matter is
the basis for DTI in tracking fiber pathways.® The displacement of water molecules and degree of fiber coherence or
directionality can be estimated from DTI-derived metrics, such as fractional anisotropy (FA) and mean diffusivity (MD).’
According to animal models of DTI, a decrease in FA and an increase in MD reflects alterations in white matter integrity
that may be correlated to the disorganization and loss of axonal membranes and myelin sheaths.'” Decreased FA and
increased MD values have been reported in patients with acute PSCI and mild cognitive impairment (MCI).'"'
Furthermore, MD values of the hippocampus were superior to volume measurements and functional connectivity in
identifying patients with early MCL'?

Diffusion kurtosis imaging (DKI) is an extension of DTI, which provides a more complete characterization of tissue
structure by quantifying the non-Gaussian degree of water diffusion.'* The DKI model-derived metrics consist of mean
kurtosis (MK), axial kurtosis (AK), radial kurtosis (RK), and kurtosis fractional anisotropy (KFA), which estimate the
degree of diffusional non-Gaussianity.'> To investigate the complexity of white matter, DKI has been used in vascular
cognitive impairment.'®!'” However, these studies merely observed regions of the medial temporal cortex and cingulate
gyrus. To the best of our knowledge, few studies have focused on white matter profiles of cognitive dysfunction with
ischemic stroke at the subacute stage. This study sought to (i) evaluate whole-brain white matter changes by means of
tract-based spatial statistics (TBSS) and atlas-based region of interest (ROI) analysis in patients with PSCI during the
subacute phase, (ii) detect whether DKI metrics provide more diffusion profiles on white matter microstructural
discrepancy than DTI, and (iii) analyze the underlying association between the microstructural changes of specific tracts
and neurocognitive assessments.

Materials and Methods

Participants

With the approval of the Ethics Committee of the Longgang District Central Hospital of Shenzhen (2019ECPJ013), 30
patients with PSCI were enrolled in this prospective study. Inclusion criteria were (1) participant’s age of 40—65 years,
(2) hospitalization with an ischemic stroke event within one month (determined by MRI scans and lesion <15mm in
diameter), (3) Montreal Cognitive Assessment (MoCA) <26 points, National Institute of Health Stroke Scale (NIHSS) <7
points, and dependence in function (modified Rankin Score [mRS] <3 points), and (4) right-hand dominance. The
exclusion criteria included (1) brain lesions other than ischemic cerebral infarction; (2) inability to perform neuropsy-
chological tests or contraindication to MRI; (3) history of pre-stroke dementia, AD, Parkinson’s disease, and head
trauma; (4) moderate-severe white matter hyperintensity (the Fazekas score of 3—6);'® (5) depressive disorder (the 17-
Item of the Hamilton Rating Scale for Depression >7).'? Thirty healthy controls (HC) matched with patients according to
age, gender, and education were recruited. All participants provided written informed consent. This study was conducted
in accordance with the Declaration of Helsinki.

Clinical Assessment

All participants underwent neuropsychological assessments, including the MoCA, Trail Making Test, parts A (TMT-A)
and B (TMT-B), and 30-item Boston Naming Test (BNT). The MoCA was used to assess global cognitive functions
covering visual-spatial structure skills, executive function, naming, memory, attention, calculation, language, abstraction,
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and orientation. A MoCA score <26 points indicated cognitive impairment (1 point was added when years of education
<12). TMT can assess multiple executive functions, mainly comprising processing speed, set-shifting, and visuospatial
ability.”® BNT reflected the processing and fluency of language in participants. NIHSS and mRS were used to evaluate
stroke severity and functional outcome in patients with cognitive dysfunction.?'

Image Acquisition

MRI data were acquired using a 3.0 T MRI scanner (Siemens Prisma, Germany) equipped with a 64-channel head coil.
Axial T2-weighted images were obtained initially with the FLAIR sequence (TR/TE = 9000/95ms, FOV =
220mmx220mm, voxel size = 0.5 mmx0.5 mmx5.0mm, number of slices = 20). The sagittal T1-weighted three-
dimensional high-resolution brain anatomical images were obtained with magnetization-prepared rapid acquisition
gradient-echo sequence (MPRAGE, TR/TE = 2300/2.32ms, FOV = 240mmx240mm, number of slices = 208). DKI
images were obtained with 3 b-values (b = 0, 1000, and 2000s/mm?) along 30 diffusion gradient directions for each non-
zero b value using EPI sequence. The parameters were as follows: TR/TE = 7800/73 ms; FOV = 240mmx240 mm; voxel
size = 2.0mmx2.0mmx*2.0mm; number of slices = 70; and scan time = 8§ min, 58s.

Diffusion Data Processing

Global brain volumes were measured with the T1-3D sequence using the Statistical Parametric Mapping software (SPM
12, http://www.fil.ion.ucl.ac.uk/spm). The DKI images were processed with FMRIB Software Library (FSL 5.0, http://
www.fmrib.ox.au.uk/fsl).?> DKI data pre-processing comprised data format conversion, motion correction, eddy current

correction, and non-brain tissue removal. Post-processing was performed with a Diffusional Kurtosis Estimator software
package (http:/nitrc.org/projects/dke).”> MK, KFA, AK, and RK maps were derived by fitting the diffusion MRI signal
measurements to the DKI signal model, with a constrained weighted linear least-squares fitting algorithm by all three

b values. Concurrently, DTI parameters (FA and MD) were calculated using two b values (0 and 1000 s/mm?).

TBSS Analysis

TBSS was applied to further characterize the affected regions in voxel-wise differences of diffusion metrics in FSL.**
The following procedures were performed. (1) Each participant’s FA data were aligned into the FMRIB58 FA standard
space template by means of nonlinear co-registration tool, (2) The mean FA image and mean FA skeleton were created
and then FA data were projected on this skeleton. A threshold of 0.2 was set for the mean FA skeleton to include major
white matter bundles but exclude peripheral tracts.

Atlas-Based ROls Quantitative Analysis

The Johns Hopkins University (JHU) white matter tractography atlas parcel white matter into 48 ROIs to anatomically
localize alterations.*® In the acute and chronic phases of ischemic PSCI, white matter alterations have been observed in
the corpus callosum, corona radiata, and bilateral internal capsule.”®?” The cingulate gyrus, placed centrally in the Papez
circuit, is involved in the regulation of cognition,”® and associations have been delineated between the superior
longitudinal fasciculus and memory.”*>° Therefore, the right cingulum (cingulate gyrus), internal capsule (bilateral
anterior limb and left posterior limb), corpus callosum, right superior longitudinal fasciculus, and left superior corona
radiata were located and labeled using JHU-ICBM-DTI-81 (http://cmrm.med.jhmi.edu/) (Figure 1). Corresponding FA,
MD, MK, KFA, AK, and RK values were quantified accordingly.

Statistical Analysis

Statistical analysis was performed with SPSS version 26.0 software. The Shapiro Wilk (S-W) test was used for testing the
normality distribution of clinical data. The chi-square test was used for calculating type variables. To test differences
between two group variables, the independent sample #-test for normally distributed data and Mann Whitney U-test for
non-normally distributed data were performed respectively. To directly compare cognitive functions in different domains,
the raw test results of TMT-A, TMT-B, and BNT were transformed into z-scores. Partial correlation was applied to
explore the association between ROI-based DKI values in specific fiber tracts and scores of various cognitive
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Figure | Selected ROIs based on the JHU-ICBM-Labels-Imm template.
Notes: 1-3, genu/body/splenium of the corpus callosum; 4-5, anterior/ posterior limb of internal capsule; 6-8, anterior/ superior/ posterior corona radiata; 9, Cingulum
(hippocampus); 10, superior longitudinal fasciculus.

assessments, including MoCA, TMT-A, TMT-B, and BNT, after adjusting for age and gender. For TBSS, non-parametric
permutation tests were performed by randomize order (5000 permutations) to determine the between-group discrepancy,
and the statistical maps were processed at the cluster-level with threshold-free cluster enhancement (TFCE). P <0.05,
corrected for family-wise error (FWE), was considered statistically significant.

Results

Demographics and Clinical Measurements

Sixty participants were enrolled after excluding patients with poor imaging quality and incomplete clinical information.
Demographic and clinical data are shown in Table 1. No differences were found in age, gender, duration of education,
and vascular risk factors (hypertension, diabetes mellitus, hyperlipidemia, and smoking) between the PSCI and HC
groups. The groups did not significantly differ in gray matter, white matter, and cerebrospinal fluid volumes (P >0.05).
The PSCI group had lower scores in MoCA, TMT-A and B, and BNT than those of the HC (P <0.05, Table 2).

Whole-Brain White Matter Changes and Atlas-Based ROI Analysis

The whole-brain TBSS analysis revealed significantly lower FA, MK, KFA, AK, and RK, and higher MD values in
patients with PSCI than the HC (P <0.05, with FWE correction, Figure 2). In the entire 48 white matter ROIs, more white
matter fiber tracts had decreased MK (31/48), KFA (40/48), and RK (25/48) than decreased FA (28/48) and increased
MD (21/48) in the PSCI group (Table 3). Based on atlas-based ROI analysis, decreased MK, KFA, AK, RK and FA
values, and increased MD were mainly observed in the genu of corpus callosum, bilateral anterior limb internal capsule,
and left superior corona radiata of the PSCI group (P <0.05, Figure 3A—F). In addition, differences were detected in DKI
parameters (MK, RK, and AK values) within the right cingulum (cingulate gyrus), right superior longitudinal fasciculus,
and left posterior limb of internal capsule (P <0.05, Figure 3C—F). However, no significant FA and MD differences were
found in PSCI patients, when compared with the HC group (P >0.05, Figure 3A and B).

Correlation Between DKI Metrics and Neuropsychological Assessments

After adjusting the age and gender, a partial correlation was found between KFA values and TMT-B in the genu of corpus
callosum (r = —0.385, P <0.05; Figure 4A). Additionally, negative correlations were observed between MK and RK
values of the left anterior limb of internal capsule and the TMT-B (» = —0.435 and —0.414, P <0.05; Figure 4B and C) in
the PSCI group.
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Table | Clinical Characteristics of the PSCl and HC Groups

Variables PSCI (n=30) HC (n=30) tiy* Value P value
Demographic characteristics

Age (year) 563 +58 523 +49 —1.88 0.065
Gender (male: female) 24:6 21:9 0.80 0.37%
Education (year) 7.3£33 7.9+44 0.65 0.52
Vascular risk factors

Hypertension 25 (83.3%) 23 (76.7%) 0.42 0.52*
Diabetes mellitus 12 (40%) 9 (30%) 0.66 0.427
Hyperlipidemia 15 (50%) 12 (40.0%) 0.6l 0.44"
Smoking 19 (63.3%) 17 (56.7%) 0.28 0.60"
Clinical scores

NIHSS 3817 - - -
mRS 2.3 09 - - -
Stroke location

Basal ganglia 13 - - -
Thalamus 9 - - _
Pons 8 - - -
Gray matter volume (ml®) 570.7+41.9 588.3+44.1 1.56 0.13
White matter volume (ml®) 496.6+56.1 505.9+43.5 0.70 0.48
CSF volume (ml) 421.2475.8 389.0+47.5 —-1.93 0.06

Note: p values labeled with superscript sign (#) were obtained using the Pearson’s chi-square test (2-sided).
Abbreviations: PSCI, post-stroke cognitive impairment; NIHSS, the National Institute of Health Stroke Scale; mRS, modified Rankin Scale; CSF, cerebrosp-

inal fluid.

Table 2 Neuropsychological Data of PSCI and HC Groups

Domain PSCI (n=30) HC (n=30) tly* Value P value
Executive function score/5 23£1.0 3.6£0.8 5.6l <0.001
Naming score/3 2.3+x0.7 2.9+0.3 4.29 <0.001
Memory score/5 1.7£1.2 3.7+0.8 8.03 <0.001
Attention score/6 4.5%1.1 5.7+0.5 5.30 <0.001
Language score/3 1.6£1.0 29403 6.79 <0.001
Abstract score/2 0.4+0.5 1.3+0.5 7.09 <0.001
Orientation score/6 5.4+0.7 5.8+0.4 3.07 <0.05
Total MoCA score/30 18.8+2.5 26.6£0.8 16.40 <0.001
TMT-A (second) 98.2430.7 75.2421.7 -3.30 <0.005
TMT-B (second) 230.1+78.9 138.0+40.0 -5.59 <0.001
BNT score/30 18.2+2.6 222423 6.14 <0.001

Abbreviations: MoCA, Montreal Cognitive Assessment; TMT, Trail Making Test; BNT, Boston Naming Test.
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Figure 2 Differences in diffusion tensor metrics and kurtosis metrics between the PSCI and the HC groups.
Notes: The result of contrast is overlaid on the mean FA skeleton (Green) created by TBSS. The blue color represents increased MD values, and orange indicates decreased

diffusion parameters in the PSCI group.
Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; MK, mean kurtosis; KFA, kurtosis fractional anisotropy; AK, axial kurtosis; RK, radial kurtosis.

Discussion
In this study, patients with PSCI had loss of white matter integrity in broad white matter regions reflected by the DTI and

DKI metrics at the sub-acute stage. Particularly, DKI indices manifested more damaged white matter areas than DTI
metrics. Furthermore, a significant association was found between microstructural changes of specific tracts and
executive performance. Liu et al'’ found low MK and FA, and high MD values in the cingulate cortex in MCI patients.
However, our study differs from the abovementioned study in several ways. First, patients with PSCI at the subacute
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Table 3 Diffusion Changes in the White Matter Tracts Between PSCl and HC Groups in the JHU Atlas
Fiber Tracts FA MD MK KFA AK RK
Corpus callosum Yes Yes Yes Yes Yes Yes
Anterior limb of internal capsule r b b b b r
Posterior limb of internal capsule r r b b r r
Retrolenticular part of internal capsule r r b b r r
Anterior corona radiata b b b b b b
Superior corona radiata b b b b r b
Posterior corona radiata b r b b r b
Posterior thalamic radiation b r b b r b
External capsule r b b b b r
Cingulum (cingulate gyrus) r - r | - r
Cingulum (hippocampus) - - - - - -
Superior longitudinal fasciculus b b b b r r
Superior fronto-occipital-fasciculus r b b b r r
Sagittal stratum - r r | - -
Uncinate fasciculus - - - - - -
Corticospinal tract - - - | - -
Cerebral peduncle r - | b - -
Inferior cerebellar peduncle - - - - - -
Tapetum - - - - - -
Medial lemniscus - - - - - -
Middle cerebellar peduncle - - - - - -
Pontine crossing tract - - - Yes - -
Fornix - - Yes Yes - -

Notes: JHU atlas consists 48 white matter ROlIs (left and right). The r, | and b represent fiber tract microstructural changes in the right, left and bilateral side. Yes means
damage in the fiber tracts.
Abbreviations: r, right; |, left; b, bilateral.

stage were recruited. Second, whole-brain analysis and ROI-based quantitative analysis were used to compare intergroup
differences, which can be beneficial in delineating a comprehensive overview of the microstructural damage. Importantly,
disrupted features were characterized by DTI and DKI metrics. Based on the study objectives, DKI was confirmed to be
more sensitive in probing white matter alterations, which may be more valuable for identifying high-risk individuals and
improving cognitive outcomes following the occurrence of stroke.

The white matter microstructural differences detected by DTI and DKI were found between the PSCI and HC group. The
disruption of white matter fibers that interconnect distributed cerebral cortices may be the potential mechanism for cognitive
decline.’! The corpus callosum, the largest commissural fiber, is a core part of interhemispheric communication and
coordination on cognitive performance.*> Notably, it is a vulnerable site for cognitive impairment after acute stroke.*® The
severed corpus callosum markedly reduces interhemispheric functional connectivity between the frontal gyrus and other
regions®* involved in executive performance.* In this study, the PSCI group showed low FA values in the genu of corpus
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Figure 3 Differences in DTl and DKI metrics for specific fiber tracts between the PSCI and the HC groups.

Notes: *Statistically significant difference (P <0.05). The error bar showed the standard deviation; (A—F) represent the mean FA/ MD/ MK/ KFA/ AK/ RK values of ROls.
Abbreviations: GCC, genu of corpus callosum; ALIC-R/L, right/left anterior limb of internal capsule; PLIC-L, left posterior limb of internal capsule; CCG-R, right cingulum
(cingulate gyrus); SLF-R, right superior longitudinal fasciculus; SCR-L, left superior corona radiata.
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Figure 4 Correlation between DKI values in specific white matter tracts and the neuropsychological test in PSCI group.
Note: (A-C) respectively represent the association between TMT-B and GCC (KFA value) and ALIC-L (MK and RK value).

callosum, with additionally low MK and KFA values. Furthermore, KFA values had a negative correlation with executive
function, as determined by TMT-B. Therefore, the damage of the genu of corpus callosum may correlate with executive
dysfunction at an early stage of cognitive deterioration. As a part of the limbic-thalamo-cortical circuitry,>® the corona radiata
includes thalamic projections and shares the projections at the frontal lobe.*> The disruption of thalamocortical connectivity
appears to be a potential pathway for cognitive and sensory dysfunction.’”** Our current study showed that patients with
PSCI had decreased MK, AK, RK, and increased MD in the left superior corona radiata. Moreover, differences were more
prominent in the bilateral internal capsule in PSCI group than in HC. Importantly, executive performance was found to be
associated with decreased MK and RK in the left anterior limb of internal capsule. The anterior limb of internal capsule
played a central role in the frontal-subcortical fiber tracts involved in cognitive and limbic circuits.*> Hence, the findings
from current and previous studies suggest that the loss of integrity in the internal capsule and corona radiata is likely to be
a critical factor for PSCI group at the subacute stage, leading to their poor executive performance.

Diffusion of water molecules in the brain exhibits a non-Gaussian distribution,'® but the DTI model simplifies water
diffusion processes. DKI provides more kurtosis indices for detecting tissue microstructure. Kurtosis refers to
a dimensionless measure that is inherent to free or unrestricted diffusion, hence revealing the degree of diffusion

restriction.** Furthermore, DKI observations may improve sensitivity and specificity in estimating disease state,** especially
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in ischemic tissue characterization.*> These features may explain why DKI identified more damaged white matter regions
than DTT indices. We observed lower MK, RK and AK values in the cingulum, superior longitudinal fasciculus, and posterior
limbs of internal capsule. The cingulum, a bunch of association fiber, interconnects the frontal, parietal, and medial temporal
gyri, and primarily engages in the function of memory, execution, and attention.”® The superior longitudinal fasciculus,
a bidirectional association tract, plays a role in the communication between the frontal and parietal lobes and regulates
executive function, and memory.””**® Reduced MK in the brain is likely related to impoverished cell compartmentalization
and an increase in membrane permeability.'>*” AK is thought to be primarily affected by intracellular structures, whereas RK
is thought to be more influenced by cellular membranes and myelin sheaths.*> Cognitive processing relies on the integrity of
white matter fibers that interconnect the cerebral cortex. The white matter fiber change in the aforementioned regions
manifested reduced tissue complexity, which may be a potential cause of cognitive decline.

This study had some limitations. First, the relatively small number of patients with PSCI may limit the general-
izability of our results. However, strict multiple comparison correction (FWE correction) was adopted to increase the
robustness of the results. Second, the characteristics of white matter damage in cognitive dysfunction after subacute
stroke and relationship between specific tracts and cognitive decline were based on preliminary observations.
A longitudinal follow-up is needed to monitor disease progression in future studies.

Conclusion

Patients with PSCI at the subacute stage exhibited extensive white matter microstructural alterations, based on DTI and
DKI metrics. More importantly, DKI demonstrated more white matter abnormalities than DTI in regions, such as the
cingulum, superior longitudinal fasciculus, and posterior limbs of internal capsule. Moreover, executive dysfunction
related to white matter fiber loss was a primary characteristic in patients with subacute PSCI. These findings contribute
to our understanding of the mechanism underlying early cognitive decline in PSCI and may improve PSCI
rehabilitation.
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